Pyrrhotite
Introduction
Upgrading of copper ore by selective separation of copper bearing minerals from either pyrite or pyrrhotite is very important and challenging. Both of these sulphide gangues have very little economic value and are closely associated with copper minerals in the natural ore deposits [1] [2] [3] [4] . Compared with pyrite, pyrrhotite contains relatively large amount of iron (60% from its chemical formula), therefore its inclusion in mineral concentrates dilutes the grade of copper metal and reduces its economic value [5, 6] . More, the presence of pyrrhotite in copper concentrates is the significant contributor of SO 2 emissions at the smelting stage [7] [8] [9] [10] . Therefore, the removal of pyrrhotite from copper concentrates at preliminary stage operations is of great economic and environmental advantages. Several approaches have been applied to separate the copper bearing minerals from pyrrhotite. Among others, froth flotation route is proved to be the more effective technique for the sulphide minerals enrichment [9] [10] [11] [12] . Flotation method is based mainly on the surface characteristics of minerals [13] [14] [15] [16] , which can be modified using various flotation reagents including collectors, depressants, frothers, and modifiers. Extensive research investigations have been carried over the last few decades, which have studied the flotation behaviors of pyrrhotite, but different researchers drew different conclusions. Most important factors including crystal structure, chemical composition, and physical properties of pyrrhotite determine its floatability [9, 10, 17] . Overall, the pyrrhotite is commonly rejected to the flotation tailings as a waste product [18] [19] [20] [21] . Therefore, in the massive sulfide ores treatment, the flotation process often aims to depress the pyrrhotite. However, the depression of pyrrhotite in conventional flotation systems using xanthate as the collector is quite difficult. It is well known that the xanthate also adsorbs onto pyrrhotite surface and floats it with other copper minerals [8, 10, 17] . Hence, to depress the flotation of pyrrhotite gauges, copper industry mostly needs an effective depressant or depressant system.
To date, the inorganic reagents are regularly applied for the depression of pyrrhotite flotation. Lime, cyanides, sulphites, potassium dichromates or a combination of these reagents are the common depressants of pyrrhotite or other iron sulphide gangue minerals in Cu-Fe conventional flotation circuits [22] [23] [24] [25] [26] [27] . The inorganic depressants have shown to be effective; however, their larger doses are commonly required which not only lead to high operational cost but also increase the toxicity in the environment. Organic polymers, on the other hand, have benefits of better selectivity, low costs, and low pollutions. Organic polymers are environmentally friendly reagents and have been considered as more favorable flotation depressants.
The major advantages of biopolymers over inorganic reagents are that the polymers have greater flexibility to be modified, which can effectively improve their selectivity as well as the depression effect. Most commonly investigated organic depressants for pyrrhotite flotation include DMPS [28] , guar gum [29] , diethylenetriamine [30] , sodium metabisulphite and triethylenetetramine [5] , leptospirillum ferriphilum and acidithiobacillus caldus [6] . Many of them have presented promising possibilities in the pyrrhotite rejection when used in the laboratory-based flotation experiments at carefully controlled conditions. In general, the hydrophilic functional groups in a polymer enhance the hydrophilic character of mineral surface, facilitating the depression of mineral via the reduced possibility of bubble-particle attachment [31] [32] [33] .
Recently, our research group has prepared a series of starch-based novel biopolymers aiming at introducing some new, ecologically and economically efficient flotation depressants in the mineral industry. This paper describes the successful depression and adsorption mechanism of tricarboxylate sodium starch (TCSS) on pyrrhotite and chalcopyrite with sodium butyl xanthate (SBX) as the collector. The depressant performance of TCSS on single and mixed minerals was examined using a serious of microflotation tests. The mechanism was investigated through analytical measurement techniques including zeta potential measurements, XPS spectral analysis, IR spectral analysis and adsorption amount analysis.
Experimental

Minerals and reagents
Mineral samples of pyrrhotite and chalcopyrite used in this investigation were supplied by Yunfu, Guangdong Province, China. Fig. 1 shows the X-ray diffraction (XRD) results of given mineral samples. Samples were carefully handpicked, crushed, ground in the laboratory porcelain mill and sieved to obtain a maximum amount of 38-74 m size fraction for flotation experiments. The undersized samples (size <38 m) were further ground to −2 m for zeta potential measurements, adsorption amount analysis, IR spectral analysis and XPS spectral analysis. The ground samples were stored in the sealed glass bottles under the well-controlled conditions to protect them from oxidation. Tricarboxylate sodium starch (TCSS) was the main depressant reagent in this study. TCSS was prepared through the chemical treatment of starch with H 2 O 2 and NaOH. The IR spectrum and main characteristic peaks of major functional groups in TCSS are presented in Fig. 2 and Table 1 , respectively. Sodium butyl xanthate (industrial grade, 92% purity), from chemical factory of Zhuzhou, China, was used as the 
Flotation experimental procedures
Flotation experiments were performed in the XFG flotation machine (Jilin Exploration Machinery Plant, Changchun, China). The speed of an impeller was kept constant at 1700 rpm for all the experiments. In single mineral experiments, flotation pulp was prepared by adding 2 g of mineral into a 40 mL plexiglass cell containing 35 mL of DI water. Following the pH adjustment with a stirring time of 2 min, the flotation reagent(s) was/were added to the mineral suspension and conditioned for desired time. The addition order and conditioning time of each reagent are displayed in Fig. 3 . Finally, the frother was added and tails and concentrates were collected for 5 min. The collected products were oven-dried at 60 • C for 12 h and weighed for recovery calculations. Flotation experiments were repeated three times and the average recovery was reported as the final value.
In selective flotation experiments, a mixture of the two minerals was used as the flotation feed. For this, chalcopyrite and pyrrhotite were manually mixed in a 1:1 ratio. Flotation procedure, reagent addition order, and conditioning time of each reagent were the same as that shown in Fig. 3 . The recov- ery and grade of chalcopyrite and pyrrhotite were determined from the solid mass distribution between the concentrates and tailings and their chemical assays. All of the experiments were conducted at a room temperature (25 ± 1 • C).
Interaction mechanism via zeta potential measurements
Essential interaction mechanism of TCSS on mineral surfaces was revealed through the zeta potential measurements. Zeta potential measurements were carried out using a ZETASIZER spectrometer (Nano-Zs90 series, Malvern Instruments, UK). Mineral suspension was prepared by mixing 20 mg of mineral into 40 mL of 1 × 10 -3 mol/L KCl as the background electrolyte solution. Following the pH adjustment with a stirring time of 2 min, flotation reagent(s) was/were added as the same manner as shown in Fig. 3 and conditioned for 10 min. After allowing the coarser grains to settle down for 5 min, the pH of suspension was noted and the supernatant containing fine particles was transferred to a capillary cell for zeta potential measurements. Zeta potential was determined three times for each sample, and the average was reported as a final value. All of the measurements were conducted at a room temperature (25 ± 1 • C).
Interaction mechanism via reagent adsorbed amount measurements
Adsorbed amounts of TCSS onto pyrrhotite and chalcopyrite surface at different concentration of TCSS were determined based on the solution depletion method. Mineral suspension was prepared by adding 2 g of mineral into a 40 mL plexiglass cell containing 35 mL of DI water. Following the pH adjustment with a stirring time of 2 min, a pre-determined dose of TCSS was added and conditioned for 3 min. Finally, the supernants were centrifuged for 30 min at 10,000 rpm and residual concentration of TCSS in solutions was determined via a Total Organic Carbon analyzer (TOC-VCPH, Shimadzu, Japan). TCSS amounts adsorbed on the mineral surfaces were calculated using Eq. (1). All of the measurements were conducted at a room temperature (25 ± 1 • C).
where, Ŵ represents the adsorbed amount of reagent (mg/g); V is the volume of the solution(L); C o and C are the TCSS concentrations in initial solution and supernatant, respectively, and m represents the mass of the mineral sample (g).
Interaction mechanism via infrared spectral measurements
Infrared spectral (IR) analysis was carried out using a Bruker Alpha FTIR spectrometer (Nicolet 6700, Thermo Scientific, USA) in the range from 4000 to 400 cm −1 . About 1.0% (mass fraction) of the each mineral treated or untreated with TCSS was blended with a spectroscopic grade KBr. All of the measurements were performed at a room temperature (25 ± 1 • C), and data were processed using the software OPUS. Samples were prepared by adding 1 g of mineral into a 40 mL plexiglass cell containing 35 mL of DI water. Following the pH adjustment with a stirring time of 2 min, flotation reagent(s) was/were added as the same manner as shown in Fig. 3 and conditioned for 20 min each. Finally, the treated samples were washed three times with DI water, filtered, and dried in a vacuum desiccator over 24 h prior to IR spectral measurements.
2.6.
Interaction mechanism via X-ray photoelectron spectroscopy measurements X-ray photoelectron spectroscopy (XPS) analysis was performed using an ESCALAB 250Xi spectrometer (Thermo Fisher-VG Scientific, USA) with Al K␣ as the sputtering source at 12 kV and 6 mA. The pressure of analyzer chamber was set at 1.0 × 10 −12 Pa. For calibration, the binding energy of C1 s was set at 284.8 eV. Curve fittings and quantification of spectra were measured by using Thermo Scientific Avantage software. Samples were prepared by adding 1 g of mineral into a 40 mL plexiglass cell containing 35 mL of DI water. Following the pH adjustment with a stirring time of 2 min, flotation reagent(s) was/were added as the same manner as shown in Fig. 3 and conditioned for 20 min each. Finally, the treated samples were washed three times with DI water, filtered, and dried in a vacuum desiccator over 24 h prior to XPS spectral measurements. All of the measurements were conducted at a room temperature (25 ± 1 • C).
3.
Results and discussion Fig. 4 shows flotation behaviors of pyrrhotite and chalcopyrite at different pH values in the absence and presence of TCSS. In the absence of TCSS, pyrrhotite and chalcopyrite exhibited excellent flotation with SBX throughout the investigated pH range (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) . This indicates that, pyrrhotite and chalcopyrite respond well to SBX and their selective separation is impossible without adding any depressant. However, the addition of TCSS (added before SBX) affected the flotation behaviors of two minerals and reduced the flotation recovery of pyrrhotite much greater than that of the chalcopyrite. Under the same experimental conditions, the recovery of pyrrhotite was decreased from 90% to 15% and that of chalcopyrite was decreased from 90% to 83%. This largest recovery difference between the two minerals indicates that TCSS had a much greater depression effect on flotation of pyrrhotite than that of the chalcopyrite. These results provide the preliminary information and suggest that TCSS could cause the flotation separation of chalcopyrite from pyrrhotite. In order to investigate the effects of different doses of TCSS on flotation behaviors of pyrrhotite and chalcopyrite, flotation tests on single minerals were extended further by fixing pH at neutral conditions. Fig. 5 displays flotation behaviors of pyrrhotite and chalcopyrite as a function of TCSS doses at pH 7. Flotation of pyrrhotite and chalcopyrite were gradually decreased with increasing doses of TCSS from 15 to 90 mg/L. A promising recovery difference between the two minerals was again achieved at relatively lower doses of TCSS (15-60 mg/L). The larger doses more than 60 mg/L TCSS significantly impacted the chalcopyrite flotation and reduced the recovery difference between the two minerals. From these encouraging results, it was concluded that TCSS, which is nonhazardous, biodegradable, widely available and cost-effective reagent, has a great potential to be applied in selective flotation separation of chalcopyrite and pyrrhotite.
Flotation results (single minerals)
Flotation results (mixed minerals)
After achieving the optimized conditions from single mineral flotation tests, the effectiveness of TCSS was further examined via selective flotation experiments. Selective flotation experiments were performed on a mixture of chalcopyrite and pyrrhotite (1:1 ratio) using 60 mg/L TCSS, 20 mg/L SBX at pH 7.
Results of the selective flotation experiments are illustrated in Table 2 . The addition of TCSS provided an improved flotation separation between pyrrhotite and chalcopyrite. As shown in Table 2 , the grade of chalcopyrite in flotation concentrate was over 80%, which is a more than 60% improvement in chalcopyrite grade compared to that in feed before flotation. In contrast, the grade of pyrrhotite in flotation concentrate was very poor and less than 20%, indicating a more than 60% reduction from the pyrrhotite grade in the flotation feed. More, the recovery of pyrrhotite in concentrate was only 17% and that of chalcopyrite was over 75%. This largest difference between the recovery of two minerals shows that when both pyrrhotite and chalcopyrite were present together in the suspension, TCSS preferentially adsorbed onto pyrrhotite surface depressed its flotation and allowed the chalcopyrite to float in the mixture.
At this stage it is quite difficult to explain why TCSS is more selective depressant for pyrrhotite flotation. To gain comprehensive information further analytical measurements were carried out, and the results are described in the following sections. However, in flotation experiments, the addition of TCSS achieved a good level of pyrrhotite depression with a minor compromise in terms of chalcopyrite recovery. This study therefore concluded that TCSS has a great potential to replace other toxic depressants in copper industry.
Zeta potential results
Zeta potentials of mineral particles in the absence and presence of reagents are illustrated in Fig. 6 . Zeta potential results of pyrrhotite and chalcopyrite before the interaction with reagents are quite consistent with previously published literature. The surface of pyrrhotite was comparatively more positive than that of chalcopyrite, the reason of which may be the presence of oxidation species on its surface.
The addition of TCSS shifted the zeta potentials of pyrrhotite and chalcopyrite towards more negative side. Negative shifts in zeta potentials of minerals with addition of TCSS may be due to adsorption of negative functional groups of TCSS. The addition of TCSS achieved a decrease of more than 10 mV in the zeta potentials of pyrrhotite compared to a decrease of approximately 3 mV for chalcopyrite in a wide pH range of 3-9. This signifies the worth of electrostatic interactions in the adsorption of TCSS. The magnitude of positive charges on pyrrhotite surface between pH 3 and 9 was much greater than that on chalcopyrite since the isoelectric points (IEP) for the two minerals are pH 7 and 3.4, respectively. Therefore, the negative functional groups of TCSS interacted with the highly positive surface of pyrrhotite more than chalcopyrite. Moreover, the zeta potentials of pyrrhotite particles were not significantly shifted after the addition of collector (SBX), indicating that the pre-adsorbed TCSS inhibited the adsorption of collector on pyrrhotite surface. On the contrary, the zeta potentials of chalcopyrite were significantly shifted to more than 9 mV, representing that the adsorption of TCSS was much weaker on chalcopyrite surface.
To summarize, zeta potential results show that the surface of pyrrhotite adsorbs much greater amount of TCSS than that of the chalcopyrite. The greater affinity of TCSS towards pyrrhotite compared to chalcopyrite can be attributed to its highly positive surface. However, the presence of metal hydroxyl species can also promote the adsorption of TCSS onto pyrrhotite surface [34] [35] [36] . 
Reagent adsorbed amount
Zeta potential measurements indicated the different interaction behavior of TCSS with the two minerals. The adsorbed amounts of TCSS on surface of pyrrhotite and chalcopyrite were calculated to quantify the adsorption behaviors. Fig. 7 shows the adsorbed amounts of TCSS on pyrrhotite and chalcopyrite at different doses of TCSS. The adsorption of reagent on these minerals was increased progressively with increasing concentration of TCSS. As can be seen in Fig. 7 , at same concentration of TCSS the adsorbed amount on pyrrhotite surface was much greater than that on chalcopyrite surface. This largest difference between the adsorbed amounts on two minerals indicates that TCSS had a much greater affinity towards pyrrhotite compared to chalcopyrite. The substantial adsorption of TCSS prevented the further adsorption of collector on pyrrhotite surface and thus depressed its flotation more than chalcopyrite.
IR spectral results
Infrared spectroscopy was further applied to understand the interaction mechanism of TCSS on two minerals. Fig. 8 illustrates the infrared (IR) spectra of minerals before and after interaction with reagents. IR spectra of minerals particles before the treatment with reagents are consistent with previous reports [29, 32] . Compared with chalcopyrite, IR spectrum of pyrrhotite before the treatment with reagents indicated some pronounced peaks at 1090.17, 1026.88, and 797.68 cm −1 , which may be assigned to surface oxidation species [37] . These results confirmed the zeta potential measurements and showed that the surface of pyrrhotite was oxidized during the sample preparation procedures. Fig. 8(a) shows that the addition of TCSS heavily adsorbed on pyrrhotite and produced some strong infrared peaks on its surface. The adsorption peaks around 1617.08 and 1416.91 cm -1 were corresponded to asymmetric and symmetric stretching vibrations of −COOH groups in TCSS. More, the characteristic adsorption peaks of −CH groups (2917.15 and 2848.71 cm −1 ) and −OH groups (3404.69 cm −1 ) on pyrrhotite surface were significantly appeared after the addition of TCSS. The intensities of all of the surface oxidation species were also reduced, indicating that TCSS had a much greater affinity towards the hydroxyl species on mineral surface. Interestingly, no adsorption peaks of xanthate or its oxidation products (dixanthogen) were shown on TCSS pre-adsorbed pyrrhotite surface. These results closely followed the zeta potential measurements and showed that the prior addition of TCSS prevented the further adsorption of collector on pyrrhotite surface. Fig. 8(b) shows the IR spectra of chalcopyrite particles under the same conditions. As can be seen, TCSS brought very limited effects on chalcopyrite surface; the characteristics adsorption peaks of all the functional groups of TCSS were very weak. The surface of chalcopyrite indicated only some weak adsorption peaks of −CH groups, indicating that TCSS was adsorbed mainly via the −CH groups through hydrogen bonding. Obviously, the significant adsorption peaks of copper-xanthate compounds (1057.03 and 1138.01 cm −1 ) and dixanthogen (1267.61 cm −1 ) can be noted on the surface of TCSS-treated chalcopyrite. The adsorption of collector and its oxidation to dixanthogen on surface clearly indicate that TCSS had a weaker interaction towards chalcopyrite. Due to limited effects of TCSS, chalcopyrite surface adsorbed a significant amount of collector that enhanced its flotation more than pyrrhotite.
As explained previously, the greater affinity of TCSS towards pyrrhotite compared to chalcopyrite can be due to the presence of larger amounts of metal hydroxyl species on pyrrhotite surface. Similar adsorption mechanisms of some other organic depressants have also been reported on the oxidized pyrite surface [38, 39] . The difference in mineralogical structures may also be the reason of different behaviour of TCSS with the two minerals.
XPS spectral results
X-ray photoelectron spectroscopy analysis is widely used to expose the chemical state of a mineral surface. In this regard, the surface characteristics of mineral particles in absence and presence of reagents were further studied through X-ray photoelectron spectroscopy (XPS). Fig. 9 shows the high resolution XPS spectra of O (1 s) from the surface of pyrrhotite and chalcopyrite in the absence and presence of TCSS. In Fig. 9 (a) , the pyrrhotite surface in absence of TCSS indicated peaks around 530.33 and 530.93 eV, which may be corresponded to O 2− and −OH, respectively [40, 41] . It is generally considered that Fe(III) and Fe(II) oxides have peaks around 530.56 eV; therefore, the peak at a binding energy of 530.93 eV can be allotted to iron oxide/hydroxide species on pyrrhotite surface. After the treatment with TCSS, the peak of −OH at 530.93 eV was broaden and increased in intensity, and the new intensive peaks at 531.79 and 532.35 eV corresponding to carboxylic groups were appeared [42, 43] . This result indicates that both functional groups (COOH, OH) of TCSS were adsorbed onto the surface of pyrrhotite. In Fig. 9(b) , the chalcopyrite surface in absence of TCSS indicated peaks around 529.69 and 530.41 eV, which may be corresponded to lattice oxygen and adsorbed oxygen, respectively [44] . As can be noted, there was a very limited effect of TCSS on the chalcopyrite surface; little to no changes took place in intensities and binding energies of the existing peaks after the addition of TCSS. Hence, these results are also consistent with IR spectral analysis and revealed that the chalcopyrite surface remained mildly inert to TCSS treatment at the investigated concentrations. 10 shows the high resolution XPS spectra of Fe (2p) and S (2p) from the surface of pyrrhotite and chalcopyrite in the absence and presence of TCSS. In pyrrhotite and chalcopyrite before the treatment with TCSS, the peaks around 707.45 ± 0.05 and 720.0 ± 0.05 eV from Fe (2p) spectra, and 161.47 ± 0.5 and 162.43 ± 0.5 from S (2p) spectra were corresponded to spin-orbitals of 2p 3/2 and 2p 1/2 , respectively. Fe (2p) and S (2p) spectra of pyrrhotite surface indicated the oxidation species peaks, thus confirming zeta potential measurements and IR spectral analysis. However, the surface of chalcopyrite was relatively clear and free of oxidation species, as reflected from Fe (2p) and S (2p) spectra of chalcopyrite. By comparing, the addition of TCSS changed the surface characteristics of pyrrhotite much greater than that of the chalcopyrite. The most affected peaks in Fe (2p) and S (2p) spectra of pyrrhotite were the surface oxidation peaks that were significantly reduced and shifted from their positions. This result justifies the conclusions drawn from zeta potential measurements and IR spectral analysis and showed that TCSS was mainly adsorbed due to the presence of surface oxidation species on pyrrhotite. As the surface of chalcopyrite contained little to no oxidation species, therefore, its surface remained mildly inert to TCSS adsorption.
Conclusions
Present research systematically investigated the depression and adsorption mechanism of a new, environmentally friendly, biodegradable, and cost-effective depressant reagent, namely tricarboxylate sodium starch (TCSS), on chalcopyrite and pyrrhotite flotation systems. A series of laboratory scale measurements including microflotation experiments, zeta potential measurements, XPS spectral analysis, IR spectral analysis and adsorption amount analysis were performed to evaluate its depressive effectiveness. Following outcomes were drawn:
1. Flotation results indicated that TCSS strongly and selectively depressed the flotation of pyrrhotite than that of the chalcopyrite in a low pH range. The effective separation of chalcopyrite from pyrrhotite, with an improved recovery and grade of chalcopyrite of more than 75%, was achieved with the addition of low concentrations of TCSS. 2. All of the analytical measurements justified the flotation results and revealed that TCSS interacted differently with the two minerals. TCSS showed comparatively much greater affinity towards the surface of pyrrhotite than that of the chalcopyrite. 3. Zeta potential measurements and reagent adsorption analysis showed that the surface of pyrrhotite adsorbed significantly much greater amount of TCSS than that of the chalcopyrite. 4. IR spectral and XPS spectral analyses indicated that the presence of large amounts of metal hydroxyl species promoted the adsorption of TCSS on the pyrrhotite surface.
